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sprinting and jumping, Nordic hamstring exercises are one of the most effective ways 48 to build eccentric hamstring strength, for injury prevention and rehabilitation.
49
• In the acute injury phase it is crucial not to overload damaged soft tissues, and so non- 50 physical rehabilitation techniques are well-suited to this phase.
51
• Rehabilitation professionals typically use either motor imagery or action observation 52 techniques to safely improve physical strength, but our study shows that motor 53 imagery during observation of Nordic hamstring exercises offers a safe, affordable 54 and more effective way to facilitate eccentric hamstring strength gains, compared to 55 purely imagining this action.
56
• Despite using bilateral imagery and observation training conditions in the present 57 study, strength gains were restricted to the right leg, potentially due to a left 58 hemispheric dominance in motor simulation. 
INTRODUCTION

69
Hamstring strains are the most prevalent injury in sports that involve sprinting and jumping 70 [1] [2] . The most common mechanism of this injury is a forceful eccentric contraction during 71 the terminal swing phase in high-speed running [3] . Many intervention studies now show
72
Nordic hamstring training is one of the most effective methods for improving eccentric 73 hamstring strength [4] [5] [6] [7] . This training can reduce the frequency of hamstring injuries and 74 mitigate other risk factors, such as advancing age and previous injuries associated with 75 hamstring pathology [8] . Physical immobilisation over 3 weeks, however, which often occurs 76 immediately post-injury, can result in a 47% reduction in eccentric, concentric and isometric 77 hamstring strength [9] . In this initial recovery phase the challenge is to undertake 78 rehabilitation exercises without overloading the damaged soft tissues. We addressed this issue 79 in the present study. Our aim was to develop a relatively novel mental practice (i.e., non- absence of physical execution [11] . A now well-established finding is that MI can increase 93 5 isometric force production [12] [13] [14] [15] , but without incurring additional neuromuscular fatigue 94 alongside physical training [16] . MI is therefore recommended as either an accompaniment to 95 physical practice, or an alternative during immobilisation resulting from injury [17] [18] [19] .
96
During sports injury rehabilitation the advantages of MI are clear: this technique does not 97 overload the soft tissues and can accelerate the return to play [17] .
98
A growing number of studies has also shown that force production can be modulated 99 by observing effortful actions [20] [21] [22] [23] [24] [25] . For example, Wrightson et al. [25] recently found that 100 the maximum cadence increased in an arm cranking exercise when simultaneously observing 101 a faster-than-maximal arm cranking action. A strong body of research has also demonstrated 102 the effectiveness of action observation (AO) for increasing the mobility of an affected limb in 103 stroke and brain-injured patients [26] . On these grounds, AO is a well-substantiated 104 therapeutic treatment in neurorehabilitation.
105
In terms of the associated neural substrates, MI and AO involve motor and motor-106 related brain areas that at least partially overlap both with one another, and with the regions 107 involved in motor execution [27] [28] [29] [30] . Despite these commonalities, it is surprising that the 108 majority of research has studied MI and AO in isolation from one another [31] . Accordingly, 109 the findings from this vast body of research generally advocate both MI and AO as two 110 independent techniques that are (in the main) useful for improving motor abilities. It is 111 important to note, however, that research does not unanimously support the benefits of either 112 purely imagining or purely observing actions in motor rehabilitation [32] [33] . Furthermore,
113
investigations into the relative advantages of MI versus AO, as assessed via 114 neurophysiological and force-related variables, have produced mixed and therefore 115 inconclusive results [22, [27] [28] [34] [35] [36] .
116
More recently, research has instead begun to investigate the effects of motor imagery 117 during action observation (AO+MI), with markedly positive and consistent results [31, 37] . A 118 6 growing body of multimodal brain imaging studies has recently shown that observing while 119 imagining the same action (AO+MI) yields significantly stronger activations in cortico-motor 120 regions, compared to when the same action is either purely observed or purely imagined [37-121 46] . In those studies, the authors frequently suggest AO+MI methods should be advantageous 122 in motor rehabilitation, but the behavioural evidence to support this claim is currently sparse 123 [37] . While the few studies into AO+MI effects on motor behaviour do not directly inform on 124 the issue of force production, the available evidence is encouraging. For example, AO+MI 125 instructions can increase automatic imitation effects in movement kinematics [39, [47] [48] .
126
They can also reduce balance variability [49] , and develop grip strength and dexterity of the 127 affected limb in stroke patients [50] . [31, 37, 39, 48] . We provide an extended account of this theory in the discussion 135 section, as a basis for interpreting our findings.
136
The cogent findings from the previous studies into AO+MI instructions now warrant a 137 more comprehensive examination of AO+MI effects on force production variables. In the 138 present study, we were interested in whether an acute (3-week) non-physical AO+MI 139 intervention could increase maximal voluntary eccentric contractions (MVEC) in the 140 hamstrings of physically-fit adults, who regularly undertake recreational sport and exercise.
141
Here we sought a 'proof of concept' for the intervention, prior to studying these effects in a 142 clinical population in subsequent work. We compared the training effects for three groups: 
MATERIALS AND METHODS
161
Participants
162
Participants were recruited from the undergraduate and postgraduate Sport and Exercise
163
Science courses at Teesside University and were allocated via minimisation procedures (see 164 section 'Procedures' for details) to one of three groups: AO+MI (n = 9; with 7 male, mean age 165 = 25.7, SD = 3.7), pure MI (n = 9; with 4 male, mean age = 24.6, SD = 4.4), or pure MI-control
166
(n = 8; with 5 male, mean age = 20.6, SD = 2.1). All participants had either normal or corrected- 
Research design
176
We used a pre-post parallel groups research design. For the three groups (AO+MI, pure MI,
177
and pure MI-control) we assessed maximal voluntary eccentric contraction (MVEC) in the 178 right and left hamstrings both at the baseline and after the three-week imagery intervention.
179
We assed MI ability pre-post intervention using the Movement Imagery Questionnaire-3
180
(MIQ-3; [53] ).
182
Procedures
183
Video creation, equipment and protocol 184 We filmed a demonstration of the Nordic hamstring exercise in the sagittal plane (see figure   185 1). This was altered using video editing software (Adobe, Premier Pro 1.5), and displayed using allocation can produce substantial differences among the population and between-group 213 means, whereas minimization allocation serves to reduce these, thus improving the precision 214 in the estimation of a treatment effect [57] . experience involving all aspects of the task. They were also designed to foster learning by 229 increasing the complexity and clarity of the imagery during the intervention period.
230
The structure and quantity of the sessions was designed in accordance with effect was defined as 0.2 times the between-subject SD of the baseline value [62] .
274
The qualitative inferences were based on the disposition of the confidence interval for 275 the mean difference in relation to the smallest worthwhile effect. The probability (percent 276 chances) that the true population difference between the conditions was substantial
277
(beneficial/harmful) or negligible was calculated as per the magnitude-based inference 278 approach [65] . These percent chances were qualified via probabilistic terms assigned using 
RESULTS
287
Motor imagery ability
288
The two-factorial ANOVAs run on the MIQ-3 data revealed a main effect of time. Imagery other interactions, including that between leg and group, were not significant.
306
Running pre-planned contrasts on the right leg data revealed a significant increase in MI-control. In the left leg data these three comparisons were not significant. 
319
In the left leg, the within-group change scores were negligible and trivial for AO+MI 
323
When contrasting the AO+MI and pure MI groups in both the right and left leg data, the 324 effects were small and negligible, respectively, and unclear (ds = 0.34 and -0.10). complement one another, to produce the overall advantage found here in force development.
---Insert
405
That is, the combined impact of both the internally-generated motor simulation plus the action [37] .
483
In the present study we did not include a pure AO condition because it is difficult to 484 control for the potential confound of spontaneous MI occurring in a supposedly 'pure' AO 485 condition [31] . Indeed, it is likely that concurrent AO+MI states are actually a common,
486
rather than exceptional feature of daily life [37] . with minimal concentric loading on the hamstrings. 
